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ABSTRACT Tick-borne encephalitis virus (TBEV) and louping ill virus (LIV) are mem-
bers of the tick-borne flaviviruses (TBFVs) in the family Flaviviridae which cause en-
cephalomeningitis and encephalitis in humans and other animals. Although vaccines
against TBEV and LIV are available, infection rates are rising due to the low vaccina-
tion coverage. To date, no specific therapeutics have been licensed. Several neutral-
izing monoclonal antibodies (MAbs) show promising effectiveness in the control of
TBFVs, but the underlying molecular mechanisms are yet to be characterized. Here,
we determined the crystal structures of the LIV envelope (E) protein and report the
comparative structural analysis of a TBFV broadly neutralizing murine MAb (MAb 4.2)
in complex with either the LIV or TBEV E protein. The structures reveal that MAb 4.2
binds to the lateral ridge of domain Il of the E protein (EDIII) of LIV or TBEV, an
epitope also reported for other potently neutralizing MAbs against mosquito-borne
flaviviruses (MBFVs), but adopts a unique binding orientation. Further structural anal-
ysis suggested that MAb 4.2 may neutralize flavivirus infection by preventing the
structural rearrangement required for membrane fusion during virus entry. These
findings extend our understanding of the vulnerability of TBFVs and other flavivi-
ruses (including MBFVs) and provide an avenue for antibody-based TBFV antiviral
development.

IMPORTANCE Understanding the mechanism of antibody neutralization/protec-
tion against a virus is crucial for antiviral countermeasure development. Tick-
borne encephalitis virus (TBEV) and louping ill virus (LIV) are tick-borne flavivi-
ruses (TBFVs) in the family Flaviviridae. They cause encephalomeningitis and
encephalitis in humans and other animals. Although vaccines for both viruses
are available, infection rates are rising due to low vaccination coverage. In this
study, we solved the crystal structures of the LIV envelope protein (E) and a
broadly neutralizing/protective TBFV MAb, MAb 4.2, in complex with E from ei-
ther TBEV or LIV. Key structural features shared by TBFV E proteins were ana-
lyzed. The structures of E-antibody complexes showed that MAb 4.2 targets the
lateral ridge of both the TBEV and LIV E proteins, a vulnerable site in flaviviruses
for other potent neutralizing MAbs. Thus, this site represents a promising target
for TBFV antiviral development. Further, these structures provide important infor-
mation for understanding TBFV antigenicity.

KEYWORDS louping ill virus (LIV), crystal structure, envelope protein (E), monoclonal
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laviviruses in the genus Flavivirus of the family Flaviviridae can be divided into three

groups, based on the transmission vectors: tick-borne flavivirus (TBFV), mosquito-
borne flavivirus (MBFV), and flavivirus with no known vectors (NKVFV) (1, 2). Notorious
human pathogens, such as dengue virus (DENV), West Nile virus (WNV), and Zika virus
(ZIKV), are all MBFVs (2). Louping ill virus (LIV) and tick-borne encephalitis virus (TBEV)
are TBFVs (1-3) belonging to the TBEV serocomplex (4). LIV or TBEV infection can cause
encephalitis or encephalomeningitis diseases in the central nervous system (CNS) (2).
LIV mainly infects livestock and small animals, including sheep and red grouse. Occa-
sionally, it can also infect humans. LIV was the first tick-borne flavivirus and the only
zoonotic flavivirus identified in the British Islands and Norway (3, 5). In contrast, TBEV
usually causes encephalitis only in humans, though it can also infect small rodents.
TBEV is the most widespread TBFV, and TBEV is believed to annually cause 10,000 to
14,000 cases of infection across the Eurasia continent (6-9). There are three main
subtypes of TBEV (the central Europe subtype, the Siberia subtype, and the Far East
subtype), from which the rate of mortality varies from 1 to 40% (1, 3, 5, 10-14).
Approximately 10% to 20% of survivors suffer long-term sequelae (2). Though efficient
vaccines have been commercialized for decades (15), the rate of TBEV infection is still
rising due to low vaccination coverage. Currently, no specific therapeutics are available
(16). Monoclonal antibody (MAb)-based immunotherapy represents a promising anti-
viral approach against TBFVs (6), though the use of anti-TBEV immunoglobulins for
tick-borne encephalitis (TBE) therapy was discontinued in Europe due to potential
antibody-dependent enhancement (ADE) (17-19).

The flavivirus envelope (E) protein is located on the virion surface and is responsible
for receptor recognition, virus entry, and subsequent virus-host membrane fusion. E
protein is also the main target for neutralizing antibodies (20, 21). Though the structure
of TBEV E was solved over 2 decades ago (22), structural information for other TBFV E
proteins is lacking (23, 24). The ectodomain of E protein can be divided into three
functional domains: domain | (DI), DIl, and DIII. DIll is reported to contain epitopes for
many potent MADbs, such as E16 for WNV (25), E106 for DENV serotype 1 (DENV1) (26),
and ZV67 (27), Z23 (28), Z006 (29), and ZAV190 (30) for ZIKV. Recently, the cryo-electron
microscopy (cryo-EM) structures of the TBEV virion and its complex with the neutral-
izing MAb 19/1786 were determined (6). Further, we previously reported a murine
monoclonal antibody (MAb 4.2) that can prophylactically and therapeutically protect
mice against LIV challenge (11). It can also neutralize TBEV (the central Europe subtype)
(31). The single-chain fragment of the variable region (scFv) of MAb 4.2 Fab expressed
in Escherichia coli has a similar virus inhibition effectiveness (31). Previously, the
functional features of neutralizing MAbs against TBEV E have been extensively inves-
tigated (32-36). Nevertheless, the molecular basis of MAb 4.2 neutralization of TBFV
infection is yet elusive.

Here, we present the crystal structures of LIV E as well as MAb 4.2 scFv in complex
with the E protein of either LIV or TBEV. Structural analysis revealed that MAb 4.2
recognizes the lateral ridge of DIl on both E proteins, a hot spot for potent neutralizing
antibodies against flaviviruses, as previously reported (6, 21, 25-27, 29). Further struc-
tural comparison and modeling imply that MAb 4.2 may function by preventing
structural rearrangement during the virus-host membrane fusion process.

RESULTS

Overall structure of LIV E. To obtain soluble LIV E, DNA encoding the ectodomain
(residues 1 to 401) was cloned into the pET21a vector, expressed in E. coli cells as
inclusion bodies (IB), and subsequently refolded as previously described (37-39). The
soluble E protein (sE) mainly existed as a monomer in solution, as shown by size
exclusion chromatography (Fig. 1). Crystal screening was performed using the mono-
meric E protein, and rock-like crystals were obtained after 2 months at 18°C. Diffraction
data were collected to a resolution of 3.6 A. The structure of LIV E was determined in
the prefusion conformation, and the E homodimer could be modeled by symmetry
operation, similar to other flavivirus E protein structures (22, 38, 40, 41).
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FIG 1 Biochemical characterization of the MAb 4.2 scFv interaction with LIV E/TBEV E. (A) Analytical gel filtration profile of MAb 4.2 scFv and LIV E. MAb 4.2
scFv and LIV E proteins eluted as single monomer peaks in the gel filtration curves. The complex of MAb 4.2 scFv bound to LIV E displayed a shifted complex
peak with an extra MAb 4.2 scFv peak. (B) SPR of MAb 4.2 scFv binding to LIV E. (C) Analytical gel filtration profile of MAb 4.2 scFv and TBEV E. (D) SPR of MAb
4.2 scFv bound to TBEV E. All data show that MAb 4.2 binds to both the LIV and TBEV E proteins. In panels A and C, the protein peaks are pointed out with
arrows, red rectangles indicate the lanes with the complex peak, and lanes M contain molecular mass markers. mAU, milli-absorbance units; K, equilibrium
dissociation constant.

The overall structure of LIV sE displays the typical class Il viral fusion protein
architecture, forming head-to-tail homodimers, as seen in all flavivirus E prefusion
structures (Fig. 2B). The three domains are arranged in a linear mode: DI has a central
B-barrel linked by several loops, DIl is an elongated structure that forms the dimeriza-
tion interface with the fusion loop in the tip region, and DIl is an IgC-like domain (Fig.
2B). The structure of LIV sE is quite similar to that of TBEV sE, with 25 residues in the
primary sequence being different (Fig. 2C and Fig. 3).

In detail, DI is composed of three discrete segments, including residues 1 to 51,
134 to 188, and 279 to 294, which are separated by two portions (residues 52 to 133
and 189 to 278) of DIl (Fig. 2A). These three segments fold into 12 B-strands (Fig.
2C), more than the typical 8 strands in the central barrel (22, 42). Residues 8 to 16
and the 150 loop (residue 148 to 159) were not modeled in the final structure due
to poor electron density. Therefore, the definitive conformation of the region
covering the potential N-linked glycosylation site at N154 is missing (Fig. 2B).
Nevertheless, it should be mentioned that since all the proteins were produced in
E. coli, there were no posttranslational modifications like those produced in eu-
karyotic cells, including the potential glycosylation at N154 in LIV E (Fig. 2C).
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FIG 2 Structure of LIV E protein. (A) Schematic diagram of LIV E. Each domain is represented with a different
color: DI is in red, DIl is in yellow, DIIl is in blue, the stem region is in light blue, the transmembrane

(Continued on next page)
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Therefore, the conformations of the residues around N154 might vary from the
conformation in the virus particle. The putative dimerization interface within DIl is
mainly constituted by the oB helix, j strand, and fg loop of each E protomer
(Fig. 2B).

DIIl (residues 295 to 405), an Ig-like domain, is mainly composed of six strands
(strands A, B, C, E, F, and G) and the loops between them (Fig. 2B). Sequence alignment
revealed that DIll is the most variable domain among the flavivirus E proteins (Fig. 3A),
and thus, antibodies targeting DIl are more likely to be species specific (21). Nine
crystal or nuclear magnetic resonance structures of flavivirus E or DIl have been
reported, and three of these are from TBFVs (TBEV, Omsk hemorrhagic fever virus
[OHFV], and Langat virus [LGTV]) (22-24), and the other six are from MBFVs (DENV,
WNYV, Japanese encephalitis virus [JEV], St. Louis encephalitis virus [SLEV], yellow fever
virus [YFV], and [ZIKV]) (38, 40-46) (Fig. 3). The sequences of these two groups
obviously varied: the TBFV DllIs shared similar residue deletions at positions 335 and
336, 366 and 367, and 386 and 387 but possessed an insertion at position 310
compared to the sequences of the other five MBFVs (Fig. 3A). These variations are
thought to be related to host tropism (24). Furthermore, comparison of electrostatic
potential maps of DIl revealed that TBFV E proteins are rich in positively charged
residues at the lateral ridge and form a crevice due to the residue deletions in the E
domain (DE) loop (Fig. 3B).

Complex structures of MAb 4.2 scFv with either LIV DIl or TBEV DIIl. MAb 4.2
can neutralize both LIV and TBEV (31). Neutralizing assays of naturally occurring LIV
escape variants suggested that MAb 4.2 engages the 3°8DKSK3"" motif (11), which is
relatively conserved within the TBEV E protein (3°8DKTK3'") (Fig. 2Q).

To test the binding of MAb 4.2 to E proteins, we performed analytical gel filtration
assays. After incubation of MAb 4.2 scFv with TBEV sE or LIV sE, monodisperse peaks for
protein complexes eluting before sE and MAb 4.2 scFv were observed (Fig. 1A and C),
which indicated the stable binding of MAb 4.2 to both E proteins. We further measured
the binding affinities by surface plasmon resonance (SPR) and found that MAb 4.2 scFv
binds to LIV sE with an affinity of 45.4 nM but with a lower affinity (390 nM) for TBEV sE
(Fig. 1B and D). This difference is consistent with the neutralization efficiencies for these
two viruses observed previously (31).

To further analyze the molecular basis of the antibody-E interaction, we determined
the crystal structures of MAb 4.2 scFv in complex with the LIV or TBEV E protein. Even
though full-length sE proteins were used for crystallization, the electron density for DI
and DIl could not be resolved in most crystal forms (Fig. 4A and B). Based on cell
content analysis, both DI and DIl were absent in the crystals, indicating s degradation
during crystallization. The full-length TBEV sE was resolved in only one crystal form, but
the density of DI and DIl was much weaker than that of DIlI, indicating the flexibility of
the hinge region connecting DI and DIl (Fig. 4D and Table 1). In all of these structures,
MADb 4.2 bound to the E protein in a similar mode involving only DIIl. Therefore, further
structural analysis was performed using the structures without DI and DII, which were
determined with a better resolution.

The overall structures of the two complexes were quite similar (Fig. 4C), with a root
mean square deviation (RMSD) of only 0.18 A. In general, MAb 4.2 scFv contacted three

FIG 2 Legend (Continued)

domain is in dark blue, and the fusion loop is highlighted in lemon. The numbers above the graph
represent the starting residue of each segment. (B) Overall view of the LIV E ectodomain dimer.
Domains are colored as described in the legend to panel A. Secondary structural elements are labeled
in one monomer. The symmetry monomer was generated with PyMOL software. (C) Sequence
alignment of LIV E and TBEV E. Secondary structural elements are colored by domains, as described in
the legend to panel A. The axis represents the B-strand, a helix means the a-helix, TT is the turning
residues of B-strands, and green numbers point out the disulfide bond-forming cysteine. The
downward-pointing green arrow represents the potential N-linked glycosylation site on the virion
surface, while the downward-pointing red arrows indicate the various residues in the epitope of the
two E proteins. The alignment map was generated using the ESPript (version 3.0) program (http://

espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) and manually modified.
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FIG 3 Comparative analyses of all available EDIII structures from different flaviviruses. (A) Sequence alignment of 10 flavivirus EDIlIs. Secondary
structural elements follow the LIV E structure. Labels are maintained as described in the legend to Fig. 2C. The alignment map was generated
using the ESPript (version 3.0) program (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) and manually modified. Sequences from all of the
following viruses were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/), and GenBank accession numbers are given in parentheses: LIV
(NP_044677), TBEV (AGO50945), LGTV (NP_620108), OHFV (NP_878909), DENV2 (AAF18447), WNV (AFO64350), JEV (AAB40664), SLEV (AAP44973),
YFV (NP_041726), and ZIKV (AQS26799). (B) Electrostatic surface potential maps of the 10 flavivirus EDIIIs. Black arrows point out the groove in
the lateral ridge of TBFV EDIII. The structures of the following viruses were downloaded from PDB (http://www.rcsb.org/), and the PDB accession
numbers are given in parentheses: LIV E (6J5C), TBEV E (1SVB), OHFV EDIII (1Z3R), LGTV EDIII (2GG1), DENV2 E (10AN), WNV E (2HGO), JEV E (3P54),

SLEV E (4FGO0), YFV E (6IW4), and ZIKV E (5JHM).

discrete segments in the lateral ridge of DIII, including the N-terminal loop and the A
strand (residues 308 to 313), the BC loop (residues 332 to 336), and the FG loop
(residues 387 to 388) (Fig. 5B and C). Reciprocally, CDR2 and CDR3 from the heavy chain
variable region (V,;) and CDR1 and CDR3 from the light chain variable region (V,)
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FIG 4 Structures of MAb 4.2 in complex with either the LIV or TBEV E protein. (A) Structure of LIV EDIIl with MAb 4.2 scFv. The complex structure is colored
by chain: LIV EDIIl is in blue, the light chain (V,) is in magenta, and the heavy chain (V,)) is in cyan. The strands of EDIIl and the CDR loops of the antibody that
interact with EDIII are labeled. (B) Structure of TBEV EDIII with MAb 4.2 scFv. The corresponding chains are labeled and colored as described in the legend to
panel A. (C) Superimposition of the two complex structures. LIV EDIIl with MAb 4.2 scFv is in green, and TBEV EDIII with MAb 4.2 scFv is in gray. Labels are
maintained as described in the legends to panels A and B. (D) Structure of TBEV E with MAb 4.2 scFv. Domains are colored and labeled as described in the legend
to Fig. 2A and panel A. The missing residues are labeled and represented as dotted lines. (E) Comparison of MAb 4.2 scFv bound to TBEV E and TBEV EDIII. The
two structures are aligned with the structure of EDIII, and colors and labels are as described in the legend to panels D (MAb 4.2 scFv bound to TBEV E) and
B (MAb 4.2 scFv bound to TBEV EDIII). The complex of MAb 4.2 scFv bound to TBEV E is also displayed in transparent surface representation.

participated in the interaction (Fig. 4A and B). The interacting residues were quite
similar in both complexes (Table 2).

For each complex structure, the paratope involves eight or nine residues of V,; and
seven residues of V| participating in the interaction with DIl and forms a cavity at the
interface (Fig. 6B and Table 2). Reciprocally, the footprint in DIl includes residues D308,
S310, K311, F312, and S333 and shapes a complementary bulge for the paratope
engagement (Fig. 6A). Among the DIIl residues, K311 forms hydrogen bonds with both
F91 (from V,) and Y104 (from V,,), D308 stacks with Y104 (from V,,), and S310/T310 and
F312 contact S93 (from V,) (Fig. 6C). These interaction networks comprise the main
contact interface of the complex. On the other side, residues S55, T57, and Y59 of V,
interact with S335/T335, K336, G334, and F332 of DIll, which further stabilizes the
binding of scFv to DIII (Fig. 6D).
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TABLE 1 Data collection and crystallographic statistics

Journal of Virology

Value(s) for®:

Parameter?® LIV E LIV EDIIl and MADb 4.2 TBEV EDIIl and MAb 4.2 TBEV E and MAD 4.2
Data collection statistics
Space group P4132 1222 1222 121

Cell dimensions
a, b, c (A
a By
Resolution (A)
No. of unique reflections
R

merge

163.33, 163.33, 163.33
90, 90, 90

50.00-3.60 (3.73-3.60)
9,191 (886)

0.180 (1.539)

93.60, 95.32, 100.92
90, 90, 90

50.00-1.80 (1.86-1.80)
42,003 (4,127)

0.101 (0.677)

92.67, 95.46, 99.97
90, 90, 90

50.00-1.80 (1.86-1.80)
41,293 (4,076)

0.103 (0.971)

135.73, 100.69, 140.24
90, 100, 90
50.00-3.30 (3.42-3.30)

28,405 (2

,816)

0.259 (1.499)

CC1/2 0.999 (0.727) 0.999 (0.949) 0.998 (0.807) 0.979 (0.577)
/ol 17.7 (1.9) 16.4 (0.5) 27.6 (9.4) 36.2 (6.2)
Completeness (%) 100 (100) 99.7 (99.1) 99.9 (99.9) 99.6 (99.5)
Redundancy 14.6 (15.1) 13.1 (12.2) 12.7 (11.2) 53 (54)

Refinement statistics
Resolution (&)

47.15-3.59 (3.72-3.59)

40.26-1.80 (1.86-1.80)

39.06-1.80 (1.86-1.80)

44.22-3.29 (3.41-3.29)

No. of reflections 9,070 (818) 41,383 (3,650) 38,894 (2,933) 22,776 (534)
Ryor/Riree 0.258/0.285 0.170/0.190 0.179/0.192 0.197/0.219
No. of atoms
Total 2,874 2,901 2,838 4,634
Protein 2,874 2,493 2,484 4,634
Ligand 0 0 0 0
Water 0 408 354 0
B factors (Az) 73.72 25.04 24.68 105.68
Protein 73.72 23.09 23.36 105.68
Ligand 0 0 0 0
Water 0 23.09 33.95 0
RMSD
Bond length (A) 0.005 0.011 0.01 0.012
Bond angles (°) 0.92 1.03 0.87 1.46
Ramachandran plot (%)°
Favored 88.6 97.5 97.5 934
Allowed 10.8 25 25 5.9
Outliers 0.5 0 0 0.7

Rnerge = 22 pilli ) |/Z 2 pils Where I; is the observed intensity and (/) is the average intensity from multiple measurements. CC1/2 is the Pearson correlation
coefficient for the two random halves of unique reflections in the unmerged experiment data. h, k, and / are the Miller indices for planes in crystal (Bravais) lattices;
they also represent the coordinates in the reciprocal space. Ryonc = 2 | |Fo| |Fc | [/2|F,|, where F, and F. are the structure factor amplitudes from the data and the
model, respectively; Ry, is the R factor for a subset (5%) of reflections that was selected prior to refinement calculations and was not included in the refinement.

bValues for the outmost resolution shell are given in parentheses.

cRamachandran plots were generated using the program MolProbity.

As mentioned above, the binding affinities for MAb 4.2 varied between LIV and
TBEV. The difference can be interpreted by the available structures. Compared to TBEV
E protein DIII (EDIII) (Fig. 6F), the residue differences (Fig. 2C and Table 2) changed the
surface electrostatic potential of LIV EDIIl to a more positively charged patch around
K336 at the interface (Fig. 6E), which enhances the charge complementarity for binding
to the negatively charged paratope of MAb 4.2 scFv (Fig. 6G). Therefore, it is likely that
the difference in charge complementarity at the interface imbues LIV E with a higher
affinity to MAb 4.2 than TBEV E.

Previously, we reported that all MAb 4.2-neutralizing escape variants from murine-
adaptive strains encode mutant residues in the epitope region (residues 308 to 311)
(47). To interpret the underlying molecular mechanisms of escape, we modeled the
EDIII structures of these mutants using the available structure of LIV E and LIV EDIII in
complex with MAb 4.2 scFv (Fig. 7B to F). Structural details suggest that the reduced
virulence in the mutants with the D308N and S310P mutations is due to the changed
surface charges of EDIII (Fig. 7A to C). Meanwhile, all of the mutants with a mutation at
position 311 (K311Q, K311N, and K311T) had a longer interaction distance for both F91
(from V,) and Y104 (from V,)), which even abolished the interactions (Fig. 7D to F).
Therefore, residues 308 to 311 should be the functional residues involved in MAb
neutralization, as proven previously (47), while other residues contribute to the tight
interaction between EDIIl and MAb 4.2 scFv.
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B
FG loop FG loop
N-terminal-A-strand N-terminal-A-strand
BC loop
MADb 4 .2-epitope (LIV) MADb 4 .2-epitope (TBEV) 19/1786-epitope (TBEV)
E F
E16-epitope (WNV) E106-epitope (DENV1) ZV67-epitope (ZIKV)

FIG 5 Binding mode comparison of lateral ridge-targeted antibodies. (A) Top view of five antibodies superimposed on their corresponding EDIIIs.
Only variable regions of Fab antibodies are shown as a surface representation in different colors: MAb 4.2 is in green, E16 is in yellow, ZV67 is
in gray, E106 is in salmon, and 19/1786 is in cyan. Antibody E16 rotates counterclockwise relative to MAb 4.2 approximately 85°, while antibodies
ZV67, E106, and 19/1786 span clockwise from MAb 4.2 approximately 50°, 75°, and 170°, respectively. (B to G) Epitopes of MAb 4.2 (B, C), 19/1786
(D), E16 (E), E106 (F), and ZV67 (G). The corresponding EDIlIs are shown in cartoon representation from the top view. Secondary structural
elements of each epitope are labeled and colored as described in the legend to panel A. Structures with accession numbers 1ZTX (E16), 4L5F
(E106), 5KVG (ZV67), and 506V (19/1786) were downloaded from the PDB database.

To date, the crystal structures of several lateral ridge-targeted neutralizing MAbs
bound to MBFV E proteins have been reported, as exemplified by E16 for WNV, E106 for
DENV1, and ZV67 for ZIKV (25-30, 48, 49). In addition, the cryo-EM structure of the TBEV
virion in complex with a lateral ridge-targeting MAb, 19/1786, was recently reported (6).
Further comparison reveals that the epitope of MAb 4.2 overlaps these MAbs (Fig. 5),
including the N-terminal loop and A strand, BC loop, and FG loop. This suggests that
the lateral ridge is also a vulnerable site for TBFVs. Notably, superimposition of these
structures revealed that MAb 4.2 adopts a unique binding orientation compared to the
other MAbs: an 85° clockwise rotation relative to E16 and 50°, 75°, and 170° counter-
clockwise rotations relative to ZV67, E106, and 19/1786, respectively (Fig. 5A). Unlike

April 2019 Volume 93 Issue 8 €02132-18

jviasm.org 9


https://www.rcsb.org/pdb/explore/explore.do?structureId=1ZTX
https://www.rcsb.org/pdb/explore/explore.do?structureId=4L5F
https://www.rcsb.org/pdb/explore/explore.do?structureId=5KVG
https://www.rcsb.org/pdb/explore/explore.do?structureId=5O6V
https://jvi.asm.org

Yang et al.

TABLE 2 Comparison of amino acid interactions between MAb 4.2 scFv and TBEV E/LIV E

Journal of Virology

LIV E TBEV E

No. of contacts (no. of

No. of contacts (no. of

Residue in MAb E residue(s) in contact with hydrogen bonds or E residue(s) in contact with the hydrogen bonds or
4.2 scFv the MADb 4.2 scFv residue salt bridges)® MADb 4.2 scFv residue® salt bridges)
H-Y52 $333, G334, S335 1,7, 21 S333, G334, T335 1,818

H-S55 S335, K336 4(1), 4 T335, K336 5(1),5

H-T57 G334, S335, K336 4,5,7 (1) G334, T335, K336 2,59(1)

H-Y59 F332, S333, G334, K336 4(1),18,12 (1), 4 F332, S333, G334, K336 4(1),19,12(1), 4
H-D101 S335 5 T335 7

H-G102 D308, K309 16, 1 D308, K309 17,1

H-Y103 D308, K309, S310, E387 11,8, 3,1 D308, K309, T310 10, 3, 2

H-Y104 D308, S310, K311 5(1),1,8(1) D308, T310, K311 5(),1,9()
H-1105 T310 2

L-Y32 K309, S310, E387 1,7,10 (2) K309, T310, E387 2,7,9(2)

L-F91 S310, K311 2,6 (1) T310, K311 3,6 (1)

L-W92 S310, E387, L388 7,5 4 T310, E387, L388 9,6 3

L-S93 S310, K311, F312, A313, S333 7 (1),10,14 (1), 4, 2 T310, K311, F312, T313, S333 7(1),9,14(1),5,2
L-T94 A313, S333 1,8 T313, S333 3,3

L-P95 S333 4 S333 5

L-w97 K311, S333 7,1 K311, S333 8,2

Total contacts 250 (11) 252 (11)

aThe contacts were defined within a distance of 4.5 A, and the hydrogen bonds were defined within a distance of 3.5 A.

bBoldface letters represent residues different in TBEV E from LIV E.

the other MAbs, MAb 4.2 does not interact with the DE loop (Fig. 5B to G). Taken
together, MAb 4.2 adopts a unique binding mode to interact with the DIII of both LIV
E and TBEV E.

Molecular basis for MAb 4.2 neutralization. As mentioned above, we also solved
a complex structure of MAb 4.2 scFv bound to TBEV sE (Fig. 4D). The I,A loop (residues
296 to 303), which links DI and DIII, was not modeled in the final structure (Fig. 4D). The
fully exposed flexible I,A loop offers more opportunity for protease cleavage during
crystallization, thus resulting in crystals with only DIIl bound to MAb 4.2. Of note, the
RMSD between TBEV E and TBEV EDIIl was very small (0.328 A) in both complex
structures with MAb 4.2 scFv (Fig. 4E), demonstrating the reliable interaction mode of
MAb 4.2 scFv with either the LIV or the TBEV E protein, which only involves DIII.

In the structure of full-length TBEV sE in complex with MAb 4.2 scFv, TEBV sE is in
its dimeric form bound by two copies of scFv. Therefore, we could superimpose our
E-antibody complex structure with the previously reported TBEV E dimer structure (PDB
accession number 1SVB) to determine the conformational changes induced by anti-
body association. Interestingly, compared with its prefusion structure (22), TBEV E was
elevated and squeezed toward the dimerization interface upon its association with
MADb 4.2 scFv (Fig. 8A), resulting in a 4.6-A shorter distance between the two aB helices
that participate in E dimerization (Fig. 8B). This implies that the binding of MAb 4.2 may
restrict TBEV E to retain it in its dimeric form rather than transitioning into the
postfusion trimeric form, i.e., preventing domain rearrangement during membrane
fusion. Similarly, the WNV antibody E16 also neutralizes viral infection by blocking the
conformational changes of E in a step after virus attachment (25). Because the structure
of LIV sE is highly similar to that of TBEV sE, we deduce that the restriction effect of MAb
4.2 can be applied to LIV E dimers as well.

To understand the recognition of DIll by MAb 4.2 in the context of the mature TBEV
virion, we superimposed the complex structure of MAb 4.2 scFv/TBEV DIl onto the
cryo-EM structure of the TBEV virion (PDB accession number 506A) (6). Theoretically,
there were three unique positions of EDIIl on the TBEV virion, located near the 5-fold
and 3-fold axes and the edge of the raft, respectively (Fig. 9A). The DIII locations near
the 3-fold axis and the edge of the raft were readily accessible to be bound by the
antibody (Fig. 9B). However, when docking MAb 4.2 scFv to any DIl clustered at the
5-fold axis, its light chain would clash with the BC loop of the adjacent DIII (Fig. 9C and
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A B

VH-CDR3

LIV-EDIII TBEV-EDIII MADb 4.2-scFv

FIG 6 Interaction details between MAb 4.2 scFv and LIV EDIII/TBEV EDIII. (A) Amino acids of the footprint on LIV EDIII. DIl is shown in blue
surface mode. The residues participating in the interaction with antibodies are labeled and highlighted in green. (B) Amino acids of the
paratope on MAb 4.2 scFv. V, and V,, are shown in surface mode and colored magenta and cyan, respectively. The residues interacting
with antibodies are labeled and printed in blue. The underlined 1105 in V, is beyond the distance for contact with LIV EDIII. (C) Major
interactions between V, of MAb 4.2 and EDIII. The two complex structures are superimposed and colored similarly: LIV EDIII is in light blue,
V, of its complexed MADb 4.2 is in magenta, V,, is in cyan, TBEV EDIIl is in blue, and V, and V,, of MAb 4.2 are in pink and teal, respectively.
Residues involved in the interaction are labeled and represented as sticks. Bonds are shown as dotted lines in yellow (LIV) and orange
(TBEV). Notably, S310 of LIV is different from T310 in TBEV. (D) Major interactions between residues of V,, of MAb 4.2 and EDIII. EDIIl and
scFv are colored as described in the legend to panel C. (E to G) Surface electrostatic maps of LIV EDIII (E), TBEV EDIII (F), and MAb 4.2 scFv
(G) were made using the APBS Electrostatics plug-in in PyMOL software (62). The footprints of the interface on EDIlls and MAb 4.2 scFv
are pointed out with green lines. Of note, compared to TBEV EDIII (F), LIV EDIII exhibits more positive charges in the area highlighted by
red dotted circles (E), which is more easily accessible for the mainly negatively charged scFv (G).

D). Therefore, we postulate that a mature TBEV virion could be fully occupied by 120
copies of MAb 4.2 scFv, which is consistent with the cases of antibody E16 bound to
WNV virions (25, 50) and antibody 19/1786 bound to TBEV (6). Given the similar binding
features, it is quite conceivable that MAb 4.2 shares a similar neutralizing mechanism
as E16 for WNV, which inhibits E structural rearrangement at the stage of virus-host
membrane fusion.

DISCUSSION

In this paper, we report the prefusion structure of LIV E, which is quite similar to that
of TBEV E. It is the second prefusion E structure and the fourth DIl structure of a TBFV
E protein. Sequence alignment and structural comparisons suggest several unique
features of TBFV DIII, which exhibits positively charged residues at the lateral ridge and
forms a crevice due to residue deletions, distinguishing it from MBFVs. Additionally, we
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FIG 7 Structural analyses of MAb 4.2 neutralization-resistant mutants. (A) Electrostatic surface potential map of LIV EDIIl. The intrinsic
residues D308 and S310 are pointed out with black dotted circles. (B and C) Mutants D308N (B) and S310P (C) were modeled by the online
server SWISS-MODEL (https://swissmodel.expasy.org/) (63) with the LIV E structure as the template. Residues 308 and 310 are represented
as in panel A. Therefore, the surface electrostatic potential changes from negative (A) to positive (B) or neutral (C), which weakens the
virulence of mutant LIV strains, as observed in a previous functional study (47). (D to F) Mutants K311Q (D), K311N (E), and K311T (F) were
also modeled by use of the SWISS-MODEL, with the LIV EDIIl and MAb 4.2 scFv complex structure being used as the template. The complex
structure is colored as described in the legend to Fig. 4A, and the modeled EDIIIs are all colored in gray, except for the mutant residue,
which is colored by elements; that is, the hydroxyl and amino group are colored in blue and red, respectively. The interactions are
represented in yellow (initial complex) or orange (mutant) dotted lines, and the distances were measured by the use of PyMOL
software. Therefore, the association between the mutant LIV EDIIl and MAb 4.2 is much weaker, even abolishing the interactions,
as shown in panel F.

also solved three complex structures of the broadly neutralizing MAb 4.2 bound to LIV
EDIIl, TBEV EDIIl, and TBEV E. Molecular details revealed that MAb 4.2 recognizes
epitopes on the lateral ridge of DIl in the two E proteins. Furthermore, the conforma-
tion of TBEV E is elevated and squeezed upon binding by MAb 4.2 (Fig. 8A), locking it
in the dimeric form. This is because, once the antibody attaches to DIII of the E protein,
DI would be elevated up to 9.7 A due to movement of the flexible I,A loop (missing
in the final structure) (Fig. 8C). Then, DIl consequently moves upward, shortening
the distance between the aB helixes of two E monomers from 8.8 to 4.2 A (Fig. 8B),
which strengthens the binding of two E monomers. Antibody-induced envelope
protein rearrangement has been observed with the ZIKV antibody ZKA190, the
association of which changes the configuration of E proteins surrounding the 5-fold
axis of the mature ZIKV virion (30). Thus, our MAb 4.2 might also have the potential
to induce E protein rearrangement on the TBEV virion, which will be an advantage
for further applications.

Therapeutic antibodies have shown promising effects in the control of severe
infections caused by several MBFVs (21, 51, 52). Antibodies targeting quaternary
epitopes or DIIl have proven highly potent (21). Neutralizing antibodies, such as 723
and ZKA190 for ZIKV and 19/1786 for TBEV, all target quaternary epitopes in different
domains of the E proteins (6, 28, 30).

As mentioned above, DI and DIl are missing in the high-resolution antibody complex
structures, which, we speculate, may be due to degradation during the crystallization
process. Similar degradation is encountered from time to time in our crystallization
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(top view)

(fusion loop)

(top view)

FIG 8 Structural comparison between the free and MAb 4.2 scFv-bound TBEV E homodimers. (A)
Superimposition of TBEV E/MAb 4.2 scFv with the TBEV E dimer (PDB accession number 1SVB). The
antibody complex is presented with various colors for each domain, as described in the legend to Fig.
4D, while the native structure of the TBEV E dimer is shown in gray. The two structures are aligned with
EDIII, leading to the remaining domains being discrete. Both the top view and the side view of the
structures are present in cartoon and transparent surface modes. Yellow arrows represent the possible
squeezing and elevating of the conformational changes after DIl is associated with MAb 4.2 scFv. (B) The
region within the white dashed line in panel A is shown in detail on the left side, while the right side

(Continued on next page)
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A

FIG 9 Structure of a mature TBEV virion and the possible MAb 4.2 binding mode in the context of the virion. (A) Structure of a TBEV
virion (PDB accession number 506A) represented in surface mode. Domains are colored as described in the legend to Fig. 7A, and the
EDIIl epitopes are highlighted in green. The black triangle points out one asymmetric unit on the virion surface, while the black
numbers indicate the 2-, 3-, or 5-fold axes. The white dotted line indicates the position of one 5-fold axis on the virion which is shown
in detail in panel C. (B) Saturation of the TBEV virion by 120 MAb 4.2 scFvs, which are shown as V,; (cyan) and V, (magenta) in surface
mode. (C) Epitopes (green) of MAb 4.2 circling the 5-fold axis of the putative TBEV virion particle. (D) Clash of MAb 4.2 scFv with
EDIIl around the 5-fold axis. The dashed red line points out the possible clash of CDR loops of MAb 4.2 V, with the BC loop of
the adjacent EDIII.

studies, e.g., in our previously reported crystal structure of fibronectin-binding protein
from Streptococcus suis (PDB accession number 5H3X). We used the full-length protein
(552 amino acids) for crystallization trials. However, the crystals unexpectedly contained
only the N-terminal 267 amino acids (52 to K268) (53). Another example is from the
crystal structure of the transmembrane protein MCR-2 expressed in E. coli (PDB acces-
sion number 6A7W). The full-length MCR-2 was prepared, but the structure-solved
crystal contains only the catalytic domain of MCR-2 (54). Here, proteolytic cleavage may
have occurred at the proximal upstream portion of EDIII during crystal growth. This is
supported by an analysis showing that the proximal upstream sequence of EDIII
(LEKLKMKGLT) is a substrate for a panel of proteases. Further, because our E proteins
were expressed in E. coli, which lacks the posttranslation modifications common to
eukaryotic cell expression systems, they may be more vulnerable to proteases under
the crystal conditions.

FIG 8 Legend (Continued)

represents the 7.3-A elevation of the aB helix. The distance between two adjacent aB helices shifts from
88A to42A upon antibody association. (C) Domain movements after binding to MAb 4.2 (not shown
in this panel). DI and the fusion loop are elevated by 9.7 and 4.7 A, respectively. The top view reveals that
the fusion loop is squeezed 4.6 A toward the dimerization interface.
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The MADb 4.2 used in our structural work was functionally investigated by us and our
colleagues in the 1990s (11, 31, 47). We found that MAb 4.2 prevents mice against
challenge with a lethal dose of LIV (11) and can cross-neutralize the European subtype
of TBEV, as well as some other viruses in the TBEV serocomplex (31). Additionally, the
single-chain fragment of the variable region (scFv) antibody of MAb 4.2 has a similar
virus inhibition effectiveness (31). Previous functional studies suggest that positions
308 and 310 of DIll are pivotal residues that determine the neurovirulence of LIV strains
(47), which implies that these residues are located in or adjacent to the putative
receptor binding region of LIV E. The corresponding A strand of DENV is also involved
in receptor binding (55). Because these two residues are involved in the MAb interac-
tion, MAb 4.2 may potentially inhibit the attachment of LIV to the host cells to exert its
neutralizing activity. Finally, a single substitution at residue 311 (lysine to threonine)
endows LIV strains with resistance to MAb 4.2 (47), which can be well explained by our
complex structure and the modeled EDIII mutants, as discussed above (Fig. 6C and 7F).
These findings broaden our understanding of the antigenicity of TBFVs and pave the
way toward the development of TBFV-specific therapeutics and vaccines.

MATERIALS AND METHODS

Protein preparation, expression, and purification. Residues 1 to 401 of the N terminus of LIV
(strain 369/T2; GenBank accession number NP_044677) and TBEV (strain HA_2P1-10N_11; GenBank
accession number AGO50945) envelope proteins were codon optimized for prokaryotic cell expression
and cloned into the bacterial expression vector pET21a with a C-terminal His, tag. The amino acid
sequence of MAb 4.2 was derived from a previous report (47). For expression as a single-chain fragment
of the variable region (scFv), the variable region of the light chain and the heavy chain was codon
optimized for prokaryotic cell expression and also cloned into pET21a with a (GGGS), linker between the
two domains. All the recombinant plasmids were transferred into Escherichia coli strain BL21(DE3) and
expressed as inclusion bodies (IB) at 37°C. Extraction and refolding of the relevant IB were performed
according to previously described methods (37-39) with minor modifications. Briefly, 300 mg IB was
diluted dropwise into a 2-liter volume of stirring refolding buffer (100 mM Tris, pH 8.0, 400 mM -Arg HCl,
2mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione) and further refolded overnight.
The refolded protein was then concentrated using an Amicon 400 concentrator with a 10-kDa-cutoff
membrane, followed by buffer replacement into the buffer of 20 mM Tris (pH 8.0), 150 mM Nacl.
Concentrated proteins were further loaded on a HiLoad 16/60 Superdex 200 PG column (GE Healthcare).
Monomeric peaks were collected and concentrated for further use.

Crystallization, data collection, and structure determination. Before crystal screening, complex
proteins were incubated with a molar ratio of 1:1.5 (LIV E or TBEV E/MAb 4.2 scFv) at 4°C for 2 h and
subsequently loaded onto a Superdex 200 PG column equilibrated with a buffer of 20 mM Tris (pH 8.0),
50mM NaCl. LIV E was also recycled for another round of gel filtration before conducting crystal
screening. All the proteins were concentrated to 10 mg/ml. The vapor diffusion sitting-drop method was
performed with equal volumes of 1 ul protein and 1 ul reservoir solution manually. All the crystals were
obtained at 18°C after 2 to 3 months, except for crystals of TBEV E and MAb 4.2 scFv, which were grown
at 4°C for more than 3 months. Diffraction-quality crystals were cryoprotected by briefly soaking them
in reservoir solution supplemented with 20% (vol/vol) glycerol before flash-cooling in liquid nitrogen.
Diffraction data were collected at Shanghai Synchrotron Radiation Facility (SSRF) BL19U (wavelength,
0.97853 A). In summary, the best crystals were obtained under the following conditions: the LIV E crystal
was obtained in 0.1 M citric acid, pH 3.5, 2.0 M ammonium sulfate. The TBEV E and MAb 4.2 scFv complex
crystal was obtained in 0.1 M sodium acetate, pH 5, 5% low-molecular-weight polyglutamic acid, 8%
polyethylene glycol (PEG) 20000. The TBEV E and MAb 4.2 scFv complex crystal (with only EDIII of TBEV
in the final structure) was obtained in 1% (wt/vol) tryptone, 0.05 M HEPES sodium, pH 7.0, 20% (wt/vol)
PEG 3350. The LIV E and MAb 4.2 scFv complex crystal was obtained in 0.1 M Na HEPES, pH 7.5, 1.6 M
K/Na phosphate.

All the data sets were processed with HKL2000 software (56). The structures were all determined by
the molecular replacement method using Phaser software (57), with further molecular adjustments being
made manually. For LIV E, the TBEV E prefusion structure (PDB accession number 1SVB) (22) was used as
the search model, while MAb 4.2 scFv was solved with our previously reported scFv structure (PDB
accession number 5GRJ) (39) as the search model. Then, complex structures were further determined by
molecular replacement with the solved monomer structure of LIV-E and MAb 4.2 scFv as the search
models, respectively. The atomic models were built by the Coot program (58) and refined with the
phenix.refine tool in the Phenix program (59), and the stereochemical qualities of the final models were
assessed with MolProbity software (60). Data collection and refinement statistics are summarized in Table
1. All of the structural figures were generated with PyMOL software (61).

Virion modeling. To analyze the binding mode of antibody MAb 4.2 in the context of the viral
particle, the crystal structure of TBEV EDIII bound to MAb 4.2 scFv was superimposed onto each of the
three E protomers in an asymmetric unit of the mature TBEV viral particle (PDB accession number 506A)
by aligning EDIII, which adopts highly similar conformations in the complex and viral particle. The
structural model of MAb 4.2 scFv in complex with the TBEV viral particle was obtained by imposing
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icosahedral symmetry. At the 5-fold vertexes, the epitope is partially shielded by the adjacent E
protomers so that the binding of MAb 4.2 scFv is interfered with due to steric hindrance. Therefore, only
two copies of the scFv fragment could bind in each asymmetric unit; i.e., one viral particle would be fully
occupied by 120 copies of scFv fragment.

SPR assay. SPR analysis was performed on a BlAcore 3000 machine with CM5 chips (GE Healthcare)

at room temperature (25°C). All tested proteins were exchanged to a HEPES buffer (10 mM HEPES, pH 7.4,
150 mM NaCl, 0.005% [vol/vol] Tween 20) via gel filtration. The LIV E/TBEV E proteins were immobilized
on the chip to about 1,000 response units (RU). Subsequently, gradient concentrations of MAb 4.2 scFv
(0, 1.9, 3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, and 500 nM) were flowed over LIV E on the chip surface, while
gradient concentrations (0, 19.5, 39, 78, 156, 312.5, 625, 1,250, 2,500, and 5,000 nM) flowed over TBEV E
on the chip surface. The sensor surface was regenerated with treatment with 10 ul of 10 mM NaOH after
each cycle of interaction, followed by a flash of HEPES buffers. The binding kinetics were analyzed with

the software BlAevaluation (version 4.1) using the 1:1 Langmuir binding model.
Accession number(s). The atomic coordinates of the LIV E, TBEV E in complex with MAb 4.2 scFv,

TBEV EDIIl in complex with MAb 4.2 scFv, and LIV EDIII in complex with MAb 4.2 scFv structures have
been deposited in the Protein Data Bank (PDB) under accession numbers 6J5C, 6J5G, 6J5F, and 6J5D,
respectively.
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